This work focuses on the possibility of processing stainless steel 316LN powder into lightweight structures using electron beam melting and investigates mechanical and microstructural properties in the material of processed components. Lattice structures conforming to ISO13314:2011 were manufactured using varying process parameters. Microstructure was examined using a scanning electron microscope. Compression testing was used to understand the effect of process parameters on the lattice mechanical properties, and nanoindentation was used to determine the material hardness. Lattices manufactured from 316L using EBM show smooth compression characteristics without collapsing layers and shear planes. The material has uniform hardness in strut shear planes, a microstructure resembling that of solid 316LN material but with significantly finer grain size, although slightly coarser sub-grain size. Grains appear to be growing along the lattice struts (e.g., along the heat transfer direction) and not in the build direction. Energydispersive x-ray spectroscopy analysis reveals boundary precipitates with increased levels of chromium, molybdenum and silicon. Studies clearly show that the 316LN grains in the material microstructure are elongated along the dominating heat transfer paths, which may or may not coincide with the build direction. Lattices made from a relatively ductile material, like 316LN, are much less susceptible to catastrophic collapse and show an extended range of elastic and plastic deformation. Tests indicate that EBM process for 316LN is stable allowing for both solid and lightweight (lattice) structures.
Introduction
Electron beam melting (EBM, sometimes referred to as selective electron beam melting) is a representative of the powder bed beam-based additive manufacturing technologies ( Ref 1) . So far, the only industrial EBM machine is manufactured by Arcam AB, Sweden. This technology utilizes an electron beam to preheat and melt layers of conducting powders. It is capable of manufacturing components with solid and lightweight parts including near net shape geometries. When comparing the EBM to other PBF technologies, for instance laser-based ones, one should stress few essential differences. EBM process is performed in high vacuum ($ 10 À5 bar) with powder layer preheated prior to melting and with the build area kept at elevated temperatures (commonly about half of the melting temperature of the chosen material). And despite certain advantages over laser-based PBF processes, there is one quite serious issue: EBM has considerably a lower number of industrially available materials ( Ref 2) . Major groups of parameters related to the most essential process stages are aggregated into two sets, namely the preheating theme and melting theme. The machine parameters used for melting the material are divided into two subcategories: ''contours'' and ''hatch.'' Contours are used for the processing of the part surfaces and hatch for the internal bulk material (Ref 3) .
Flexibility of the process parameter control in EBM allows for quite different strategies of both contour melting and hatching, including the number of contours, spacing between each contour line and contour overlap area with hatch, beam motion pattern during hatching and its parameters, beam parameters during contouring and hatching stages, etc. This general pattern with both contour melting and hatching is common for solid parts with rather large cross-sectional area. In the cases when component cross-sectional area becomes smaller and smaller, the pattern can be changing. Figure 1 exemplifies the change in the melting pattern of an oval crosssectional area with consecutively decreasing dimensions. In this particular example, initially three contour lines with the hatching inside them are presented in Fig. 1(a) and (b) . At some point, the space is only enough for the three contours ( Fig. 1c ). Further reduction in cross section will leave only two contour lines and then just one oval contour ( Fig. 1d and e ). Further reduction in the melt area leads to the activation of the built-in ''block offset'' function reducing the beam path to a single line along the median of the cross-sectional area, or even a single beam spot ( Fig. 1f) (Ref 4) .
Lightweight structures commonly have very small crosssectional area dimensions. Two typical examples of such structures are represented by regular lattices (also referred to as net, mesh or cellular structures) with repetitive cells of defined geometry and by the stochastic foams or reticulated mesh structures (Ref 5). One of the major parameters of such structures defining their properties and application areas is the porosity commonly defined as a ratio of the metal and air volumes in the component outer envelope ( Ref 5, 6) . Element cells of regular lattices commonly consist of beams (struts) connected together. Lightweight regular lattices commonly have quite thin beams, and in such cases melting strategy changes from trace melting (as shown in Fig. 1f ) to a spot melting. This type of melting defines the differences in material properties and specific rough surfaces of the lattice elements. The properties of lattice structures manufactured in Ti6Al4V using EBM (Ref 5, 7-9) and laser-based PBF systems (Ref 10-12) have been explored in several studies. But lightweight lattice structures made from Ti6Al4V are commonly having undesirable fracture modes sometimes leading to a catastrophic collapse of the entire structure, which is partially due to the brittleness of the material. Thus, there is a significant interest to the properties of the lattice structures made from a ductile material, for example austenitic stainless steel 316L. This material is available for industrial manufacturing in several laser-based PBF machines. And in several studies properties of both solid (Ref 13) and lattice structures (Ref 14, 15) were studied. And though stainless steel 316L/316LN is currently not a commercially supported material by Arcam AB, solid samples have been successfully manufactured and solid material properties were analyzed (Ref 16, 17) .
One of the main problems of studying lightweight lattice structures is studying the properties of material in their elements. In the case of lattices, their beams can have very small cross-sectional area dimensions, often comparable to the dimensions of Rockwell or Brinell testing probes (ASTM E10, ASTM E18). It is also impossible to expect any reasonable results by applying macroscopic hardness probes to the elements of flexible lattices without lattice encapsulation. Recently, the method of nanoindentation gains popularity for the small-scale studies of mechanical properties in small volumes of material (Ref 18, 19) . This method allows measuring stress-strain curves, YoungÕs modulus and hardness at micro-/nanoscale. The results of nanoindentation will commonly not coincide exactly with the values acquired using Rockwell or Brinell methods. (Their probes are large enough to get certain averaging of the properties from nanoscale size structures.) But nanoindentation is capable of predicting hardness tendencies while yielding much more detailed hardness breakdown to nanoscale. Also, due to the fact that the actual loads applied are small, the spring-like action of the lattice elements has a minor impact of the apparent response. Thus, nano-and microscale mechanical testing methods like nanoindentation could be quite suitable for studying the mechanical properties of material in the elements of lightweight structures including lattices.
The aim of present study was to manufacture different lattice structures in 316LN stainless steel using an Arcam EBM machine and to investigate both macro-and micromechanical properties of the samples manufactured, using unaltered CAD models but with different process parameter settings, using compression testing and nanoindentation.
Method

CAD Model Design
The lattice structure CAD model was designed using a combination of two programs, namely SolidWorks 2016 (Dassault Systems, France) and Magics 20.04 (Materialise, Belgium). A single 3 9 3 9 3 mm octagon-type unit cell with 0.2 mm in diameter beams was modeled in SolidWorks ( Fig. 2a ). The single cell CAD file was imported into Magics and checked for errors, and an array of 10 9 10 9 15 cells (X, Y, Z) was prepared. Corresponding outline of the sample is chosen to satisfy the dimensions for the compression testing under the ISO13314-2011 (Ref 20) standard. The outline of the final lattice structure has the dimensions of 30 9 30 9 45 (X, Y, Z) mm.
To calculate the porosity, the overall volume of a single unit cell and the volume of the struts were calculated from the designed model CAD file. The calculated theoretical porosity of the octagonal unit cell is 97.7%.
Fabrication
Manufacturing of the samples, lattice and solid, was carried out in-house at the Sport Tech Research Centre at Mid Sweden University in Ö stersund, Sweden. Solid samples used for reference in comparison with lattice samples were manufac- 2.2.1 Powder. Used 316LN powder was acquired from Carpenter Powder Products AB (Torshälla, Sweden) and has a 53-150 lm grain size range with quite round particles having relatively few satellites ( Fig. 3) ; though some oddly shaped powder grains are present, it did not influence the overall powder flowability. The powder had been used in the EBM process and recycled in standard Arcam powder recovery system several times before the fabrication of the lattice samples.
2.2.2 Lattice Samples. The Arcam EBM process utilizes different groups of settings, called themes, defined for each used material. As stainless steel 316LN is not supported by the embedded themes with Arcam EBM machines, themes used for fabricating the lattices were determined experimentally. A number of small test samples of lattice structures were manufactured using an ARCAM A2 machine with varying parameter settings. Finally, a theme providing lattice structures with best quality of small features was selected. Two more themes were generated with the beam power some higher and some lower than in the ''best available choice'' one. These themes will be referred to as ''Light,'' ''Medium'' (best-quality parameter set) and ''Heavy'' referring to the expected final density of the lattice due to the thinner or thicker expected beam dimension. Corresponding beam current setting was 3 mA for Light, 5, 6 mA for Medium and 7 mA for the Heavy sets. The three different themes were used to manufacture eight samples of lattice structures each, resulting in a total of 24 lattice samples of ISO 13314-2011 compliant dimensions ( Fig. 4 ). It is known that the first few millimeters of the build (near the start plate) may differ from the rest, as it takes some time to stabilize the thermal conditions in and around the build. The lattices therefore were placed 3 mm above the start plate. Support structures were not used, and in the final build design lattices were ''free floating'' without any support structures. Same CAD geometry was used for all the samples forming three sets of eight lattices each separated by 5-mm-thick solid metal walls ( Fig. 4 ) manufactured with the parameters optimized for the solid 316LN components. The addition of solid components around the lattice ones helps to maintain consistent stable temperature in all consecutive build layers. In Fig. 4 , the sets of samples manufactured with three different parameter settings are color coded in gray, green and red, and the solid walls are depicted in orange.
2.2.3 Post-processing. In EBM process, the powder around all components is semi-sintered and needs to be removed before component mechanical testing. This was carried out using a standard powder recovery system (PRS) provided by Arcam AB. The PRS uses working powder in a flow of compressed air to blast the sintered material away and recover the powder material for further use. Blasting time was approximately 3-10 min per lattice sample depending on the porosity (lighter sample allowed for shorter blasting time). No further post-processing was carried out.
Quasi-Static Compression Testing
Mechanical properties of the lattices were tested following the ISO 13314-2011 standard (Ref 20 ). The lattices were tested ''as built'' without any additional post-processing except the powder removal. Lattices used for compression testing were weighed and measured using a VI-1-mg resolution scale (Acculab, USA) and a generic caliper with 0.05 mm resolution. Sample dimensions and weight are presented in Table 1 . The compression tests were carried out at room temperature (20°C) using an Instron 5969 Universal testing system (Instron, USA) equipped with a 50-kN load cell using ''Bluehill 3'' software. ISO 13314-2011 specifies a strain rate between 10 À3 /s and 10 À2 /s. A strain rate of 0.005/s was chosen, and when applied to the sample geometry of 45 mm height, it results in an anvil motion speed of 13.5 mm/min. rde where r is the compressive stress and e ple is the plateau end strain (Fig. 5 ). The energy absorption efficiency (W e ) was calculated using W e ¼ W r130Ãeple Â 10 4 . r pl was calculated based on the experimental stress-strain curves, and r 130 was determined using r 130 ¼ r pl Ã 1:3.
Equations and nomenclature are used according to ISO13314:2011 standard (Ref 20).
Microstructure and Chemical Composition Analysis
The grain dimensions were examined using ''particle analysis'' in software ''ImageJ'' (National Institutes of Health, USA). Cross sections of lattices manufactured with all three chosen themes were analyzed. In each analyzed strut, a bounding box was defined for grain size quantification. The box was defined to include the largest possible homogeneous mass of grains while excluding small grained clusters at the periphery of the cross section under analysis. Grain size of solid 316LN sample was also analyzed in the same way for comparison. The elemental composition of the material in the cross-sectional cuts and grain boundary inclusions were determined using a Tescan Maia 3 SEM (Tescan, Brno, Czech Republic) setup for energy-dispersive x-ray spectroscopy (EDS). The Maia 3 SEM was also used for producing images of the 316LN powder used to build the lattices as well as images of the cross sections revealing the grain boundaries used for grain size analysis.
Sample Preparation
Microstructure analysis and nanoindentation test lattices were first protected by encapsulation in acrylic resin. Specimens were then ground from the top face (reducing the height of the samples in build direction Z) using a 240-grit sandpaper to obtain xy cross sections in desired lattice positions. Corresponding samples revealing desired lattice cross sections were further prepared by careful manual polishing using diamond abrasive pastes with grains down to 1 lm. After that, the final polishing was performed using colloidal silica suspension. Polished specimens were chemically etched using ''Kroll'' reagent. The series of etching stages at increasing times in the range of 15-40 min with consecutive microscopy observation was performed to avoid excessive etching but allowing revealing different microstructural features. Corresponding samples for the microstructure analysis were prepared with the cross sections normal to the build direction.
Compression Nanoindentation Tests
In order to evaluate the intrinsic mechanical behavior of the 316LN material in the lattices, nanoindentation tests were locally performed on the polished cross sections of the struts. Accounting for the thickness of the struts, and taking into consideration the microstructural features of the material, a maximum penetration depth of h max = 500 nm was chosen. Indentation profiles were acquired across the cross sections of the struts. Matrices of minimum three indentation columns and a variable number of rows depending of the thickness of the struts were performed, first indentations starting from the inner parts and subsequently moving to the periphery of the tested cross section. Separation between individual indentation positions was 12.5 lm. Residual imprints were investigated using optical microscopy (OM) and scanning electron microscopy (SEM). Nanoindentation tests were carried out in a MTS Nanoindenter XP at a constant strain rate of 0.05/s, using a Berkovich indenter with its area function calibrated using a fused silica standard. The continuous stiffness measurement (CSM) module was activated to continuously record the load (P), penetration (h) and the contact stiffness (S) data. Hardness 
Results and Discussion
Lattice Structures and Macromechanical Behavior
The lattice structures were measured for size and weighed before compression testing. Corresponding lattice porosity (defined here as the volumetric air-to-material ratio of the entire lattice) was determined basing on the dimensions and weight of the lattice samples (see Table 1 ).
The results of the energy absorption calculations based on the test sample compression tests show that the heavier lattices can absorb more energy when compressed while the efficiency of energy absorption is similar between all lattices of tested densities. Cumulative data from the compression tests of the lattice samples are presented in Table 2 .
The results from the compression testing show that Heavy (most dense) lattices have the highest compression strength, followed by the Medium and Light ones. Figure 6 presents representative stress-strain curves for the lattices of different densities. It is clear that lattices made using the same CAD file have similar functional compression behavior, showing extended plasticity with increasing strength connected to increasing structure density. Thus, it is possible to control the lattice structure compression strength by only changing the process parameter settings within certain range without changing the design geometry.
It should be noted that compression behavior and collapse of the lattice structures made from 316LN stainless steel significantly differ from the one reported for the Ti64 lattice structures commonly showing clear shear planes ( Ref 5, [8] [9] [10] . 316LN lattices show bulging and rather smooth compression damage without tendencies to catastrophic collapse (Fig. 7) . Most probably, it is due to the properties of 316LN steel having significantly higher ductility than Ti6Al4V, and thus, lattice elements are less prone to brittle fracture. Most likely, the resulting behavior with the initial elastic compression and extended plastic deformation of the lattice almost until it is turned to a solid piece is a combination of material properties and unit cell geometry. But no definite conclusion can be drawn as to which factor is the dominant without additional extensive testing.
Microstructural Analysis and Chemical Composition
316LN grain size in the lattice struts is finer than what have been previously reported for the solid EBM-made material, see Table 4 . One can speculate that this is a result of faster cooling due to a smaller amount of melted material per manufacturing layer. From the visual analysis of different strut cross sections, it can be concluded the Light-density lattices (smallest strut cross-sectional area) have the finest grain structure and the high-density lattices the coarsest. This is, however, not supported by the grain size measurements. There are two possible reasons for such discrepancy. Firstly, the eye can react to the linear dimensions of the grains (closer to ''width'' and ''length''), while the grain size measurements refer to the surface areas. Also, as the dimensions of the grains are different for different parts of the strut cross section (Fig. 8 , Table 4 last two columns), the result of grain area measurements may be biased by the choice of the cross-sectional area analyzed. It was also noticed that average grain size in the cross sections of the lattice nodes (where few struts meet) is larger than in the cross section at the middle of the struts. Thus, all the measurements of the grain dimensions were performed on the strut cross sections equidistant from the adjacent nodes. Figure 8 presents typical image for the polished and etched lattice sample normal to the build direction. Analysis of the sample reveals two distinctive grain dimensions with coarser grains in the center of the cross section ( Fig. 8a) and finer grains in clusters along the periphery of the sample (Fig. 8b) .
Grain areas measured using same protocol in the lattice strut cross sections (normal to the build direction) are at least 10 times smaller than for the solid 316LN samples (cross sections normal to the build direction) made from the same powder batch in the same EBM machine. Grain dimensions measured for the solid 316LN samples made by EBM in present work are similar to what can be estimated using images presented in (Ref 22) . Large standard deviation values of the measured grain surface area values (Table 4 ) are coming from the wide distribution of the grain sizes. The EDS material composition analysis shows that the chemical composition, after EBM processing, for 316LN (ASTM A240) is met for the scanned area, except for a slightly to high level (0.05%) chromium (see Table 3 ). Figure 9 presents the choice of EDS scanning area. The scanning area was chosen to avoid grain boundary precipitates, including high concentrations of certain elements, to impact the results.
From the EDS line scan (Fig. 10) , it can be seen that the precipitates have higher levels of chromium, molybdenum and silicon while the levels of nickel and iron are lower. These results are similar to the solid EBM-manufactured 316LN from the study performed by Zhong et al. (Ref 16 ), but the increased levels of silicon in precipitates were not mentioned in that study.
Comparative analysis of the material composition for the precursor powder, lattice and solid 316LN samples is given in Table 3 .
The 316LN lattice microstructure grain size is finer than what have been previously reported for solid EBM-manufactured 316LN samples, see Table 4 . The measurement of grain size in solid material is based upon an in-house-manufactured There is a clear difference in the grain morphology between the bulk and lattice samples manufactured via EBM. It is commonly attributed to the difference in the thermal conditions in two cases. The correlation between cooling rate and average grain dimensions is well supported by research (Ref 23, 24) . Also supported is the correlation between cooling rate and dendrite arm spacing (Ref 25). The equation
where k 1 is the dendrite arm spacing and _ T is the cooling rate, has been used previously to estimate L-PBF cooling rates, yielding the values of 5. 26). In the present study, lattices were manufactured with the beam power varied in the range 180-420 W, but the cooling rate estimated using the abovementioned expression is an order of magnitude lower. For possible explanation, one should consider the difference in the thermal history of the large solid and lattice samples. Firstly, EBM processing happens at elevated temperatures, with the target value in this study of 830°C for 316LN, with continuous heat waves propagating from the sample surface toward the start plate during each melt sequence. During EBM processing, all components are surrounded by the mass of semi-sintered powder, which has certain heat insulation properties. Small cross section of the lattice struts has lower capacity for the heat transfer as compared to the bulk, solid samples having significant cross section. Thus, smaller capacity for the heat transfer from the top layers should result in lower solidification rates. Despite the lower solidification rate leading to coarser sub-grains, the grains are finer. An explanation for this could be that the lattice only sees less than 3% of the energy input compared to a solid sample of the same dimensions. Considering the high surface area-to-mass ratio of the struts, lower energy input and reduced heat transfer capability of thin lattice struts, one could hypothesize that the average temperature in the solid material therefore is higher, causing an annealing effect of already solidified material, which facilitates grain growth. In addition, in the used ARCAM machine the temperature of the whole build is slowly decreasing for some hours after completion without active cooling. It contributes to a complex thermal history of the material and affects the final grain shape and dimensions, and inter-grain precipitation. Due to the lack of control over the thermal history for the components of different shapes placed in different parts of the processed layer and their final cooling, the task of predicting the final grain morphology and alloy element Table 3 segregation at the grain boundaries becomes quite complex. So far, it is only possible to draw rather general conclusions, as it is carried out in the present study.
It is typically stated that in the powder bed beam-based AM materials the grain elongation follows the build direction ( Ref 17, 22, 28) . Analysis of the lattice cross sections made along the building direction shows that grains are elongated along the struts (Fig. 11) , rather than along the build direction. It has been shown that grains grow along the direction of the thermal gradient (Ref 23). The heat from the electron beam likely flows through the lattice struts due to the insulating properties of the powder, explaining the grain growth deviation from the build direction seen.
Intrinsic Micromechanical Behavior of 316LN in Lattices
An optical image of one of the indented struts in the Lightdensity lattice is presented in Fig. 12 illustrating the changes of the grain and sub-grain boundary exposure with increasing etching time. The matrix of residual nanoindentation imprints can be easily discerned in the polished struts without etching, as evidenced in the optical image in Fig. 12(a) . As the indented specimens are etched, the grain boundaries of the material are revealed in the cross section, as it can be seen from the image in Fig. 12(b) in the ''etched condition.'' Further etching of the specimens leads to an ''over-etched'' condition, in which the underlying sub-grain structure can be intuited; it is more readily visible in some zones of the periphery of the struts (Fig. 12c,  13) .
In Fig. 13 , a magnified detail of the nanoindentation imprints is presented. The subjacent sub-grain structure is evidenced in the periphery of the sample. From this image, it is worth noting that the residual imprints of the nanoindentations are well inscribed within the grains of the material and that they are comparable in size with the characteristic length scale of the sub-grain structure.
Looking more into detail at the sub-grain structure and comparing the lattice sub-grain structure to a solid sample sub- grain structure, see Fig. 14 , the lattice sub-grain structure is similar to that of a solid sample. The orientation is nonequiaxed, and the sub-grains of the lattice are in the same order of size, although somewhat larger in the lattice structure with an approximated 1-5 lm range compared to 0.5-2 lm for the solid sample in these two compared cross sections. 3.3.1 Intrinsic 316LN Hardness. The variation in H as a function of h for all indentations performed in the lattices with Light, Medium and Heavy density, as well as for the solid sample indented as a reference, is presented in the average curves in Fig. 15(a) .
A similar behavior in the hardness curves can be observed for all samples indented. At low penetration depths, 316LN material both in solid and in lattice configurations exhibits high H; a value of around 6 GPa can be read at 100 nm depth (H 100 ). Hardness decreases uniformly as the indenter penetrates deeper into the material, down to values of around 4 GPa measured at the maximum penetration depth (h = 500). Individual values of hardness for the different specimens at characteristic indentation depths are presented in Table 5 .
The increase in the hardness (and the reduction in plasticity) with the decrease in the penetration depth is a well-known phenomenon regarded as ''indentation size effect-ISE,'' which becomes more important at depths of less than approximately 1 lm ( Ref 29) . The interaction between dislocations and the microstructural features of the material, such as the grain boundaries, plays a major role (Ref 30, 31) . ISE phenomenon has been widely reported for different metallic materials and alloys, including austenitic stainless steels such as 304L, 316L ( Ref 31, 32) . In the case of this research, and accounting for the penetration depth regime of the indentations performed (h max = 0.5 lm), and the length scale of the subgrain structure of the 316LN material evaluated (d sub % 2 lm, see Fig. 14) , it may be stated that the decrease observed in the hardness with the penetration depth is associated with an indentation size effect. As mentioned before, sub-grains in additively manufactured 316LN are formed due to segregation of alloying elements, which is always accompanied by accumulation of dislocations in the sub-grain boundaries. Previous investigations of the hardness by conventional methods and micro-hardness of laser-processed 316L, with comparable microstructures, indicate that such dislocations have both a hardening and strengthening effect in the material, (Ref 13, 33, 34) . It may then be speculated that the size effect observed in the EBM 316LN materials evaluated is related to the interaction between the dislocations induced and activated by the indentation and those at the sub-grain boundaries.
It deserves to be highlighted that the hardness of the different evaluated lattices was comparable and even slightly higher than that of the solid material. That can be evidenced when comparing the values obtained at the maximum penetration depth h max = 500 nm (see Table 5 ). The differences in the size and features of the sub-grain structure between the solid and lattice, the process parameters as well as the solidification conditions are quite different, which might have an effect on the differences observed in the intrinsic hardness.
In Fig. 15(b) , the hardness measured in the lattice specimens with different densities is presented as a function of the thickness of the struts, from the position 0 (center of the strut) to 1 (periphery), as illustrated in Fig. 13 . In this case, hardness values (H 100-200 ) are averaged in the depth range h = 100-200 nm. Dispersion of the results at different levels of the strutsÕ cross sections is probably ascribed to the complexity of the grain and sub-grain microstructures, in which within one single grain, several sub-grains with different sizes and orientations are shown in Fig. 14) . It is interesting that, despite the aforementioned dispersion of results, uniform hardness values are observed across the cross section, which indicates mechanical and structural consistency of the material in the lattices.
Intrinsic 316LN Elastic Modulus. The variation in
E as a function of h is presented in the average curves in Fig. 16(a) . In the case of the solid 316LN sample, a relatively constant behavior in the elastic modulus is observed for all the penetration regimes. In the case of the lattices, especially the Light and Medium densities, an elastic modulus value comparable to that of solid material can be read from the graphs at lower penetration depths (h = 100 nm). A somewhat lower value is observed for the lattice with the Heavy density. Furthermore, a continuous decrease in E is evidenced as the indenter further penetrates the material. In this case, it becomes necessary in the analysis to account for the loading scenario for nanoindentation when performed in lattice configurations. Although the tests are conducted perpendicular to the cross section of the struts, the stiffness of the system is affected principally by two factors: (1) the geometric configuration of the lattices, since the beams are angled with respect to the indentation axis allowing for bending to occur and (2) specimens are embedded polymeric resin, with a much lower stiffness than the indented 316LN material. At the lower penetration regime (50-100 nm), the effect of the external factors mentioned in the measurements is minor, and extracted E values approximate the intrinsic 316LN properties. The effect of external factors plays an increasing role in the apparent E measured as the indenter progresses toward the maximum penetration depth. Despite the lower values exhibited by the lattice with Heavy density, the intrinsic stiffness measured in the lattices E 100 % 156 to 185 GPa is comparable with that of A slight drop in the elastic modulus values is also observed as the indentations approach the periphery of the strutsÕ cross section. This trend is more accentuated in the lattice with Heavy density. It is then possible that the experimental factors discussed previously have also an increasing impact in the measurements as they approach the periphery of the lattice struts. Nevertheless, as for the hardness, it can be confirmed that the locally assessed mechanical behavior of the 316LN is uniform throughout the cross section of the lattices.
Conclusions
Electron beam melting technology can successfully be
used to fabricate lightweight lattice structures in 316LN stainless steel.
Compression behavior of the EBM-manufactured lattices
with octagon cells from 316L austenitic stainless steel and from Ti6Al4V is substantially different. Stainless steel lattices exhibit elastic and further-plastic deformation until almost complete collapse of the structure, while Ti6Al4V ones do not show much plasticity and often exhibit brittle type collapse. 3. Compressive strength of the fabricated 316L lattice structures was in the range of 0.6-5 MPa depending on EBM process settings. It was possible to modify the lattice structure porosity and resulting compression strength by changing manufacturing process parameters alone without altering the design CAD files. 4. Grain size distribution of the lattice structures is wide but significantly finer than that of solid material manufactured using EBM. Sub-grain structure is in the same size range, but the diameter varies between 1 and 5 lm for the lattices and 0.5-2 lm for the solid sample in the cross sections examined.
5.
Intrinsic mechanical behavior in terms of hardness and elastic modulus of the 316LN in the studied lattices was locally assessed using nanoindentation. Measured properties are comparable with those found on the solid 316LN counterparts. Locally evaluated mechanical properties are uniform across the thickness of the individual struts in the different lattices studied. 6. Grain boundary precipitates show increased levels of chromium, molybdenum and silicon.
